The importance of AlGaN/GaN heterostructure field-effect transistor (HFETs) in high-power high-frequency applications is now well established. However, detailed information on high-field mobilities, velocity-field relations, carrier temperature, and momentum and energy relaxation times are not available. In this paper we carry out theoretical simulations based on Monte Carlo techniques to show that transport dynamics can be effectively extracted through free carrier absorption. Using short pulses of infrared radiation, it is possible to obtain the velocity-field curve by fitting the absorption spectrum without heating the device. We show this by solving the classical transport equation and then verify the results through Monte Carlo simulations. With the model presented it would be possible to extract carrier dynamics from experimentally measured results. Our work suggests that free carrier absorption experiments on AlGaN/GaN HFETs would provide important transport information, which would be very useful in device design and modeling.
INTRODUCTION
The AlGaN/GaN heterojunction field-effect transistor (HFET) has established itself as a key player in high-power high-frequency applications. The maximum f T of AlGaN/GaN HFETs has reached 181 GHz 1 and the f max has been shown to be over 230 GHz. 2 However, the electron velocity extracted from these devices shows an overall lower velocity than what is expected. In general a number of transport-related issues remain unclear in GaN-based devices. Traditionally, short pulse measurements are used to avoid the self-heating and hot-phonon effects. However, since pulse widths are usually longer than nanoseconds, it is hard to exclude these effects. 3, 4 There are several methods to determine carrier dynamics in the semiconductors. A direct dc short pulse measurement can provide the momentum relaxation time of carriers. However, it cannot provide information on the carrier energy and energy relaxation time. The contact resistances also influence the accuracy of measurements. Optical pump probe measurement can provide information of carrier relaxation time. However, the screening effects of electron-hole pairs under the strong dc bias will influence these experiments. Jiang et al. 5 have proposed the use of long-wavelength absorption spectroscopy through free carriers to provide information on carrier temperature as well as momentum and energy relaxation time. Several experimental studies [6] [7] [8] have also demonstrated the feasibility of measuring free carrier absorption spectrum to study the carrier dynamics.
In this paper, we use the Monte Carlo method to study free carrier absorption effects in GaN HFETs at different intensities and frequencies. We present the potential use of terahertz absorption spectroscopy to provide information on carrier temperature, momentum and energy relaxation times. A Monte Carlo based numerical simulation is used to study the free carrier absorption of sub-bandgap radiation in AlGaN/GaN HFETs. In our simulation, we will study the absorption spectrum under different conditions: (1) we will study the absorption of the twodimensional electron gas (2DEG) of AlGaN/GaN HFETs with different infrared intensities and frequencies; (2) we also examine ac absorption in the presence of a dc bias on the device and calculate the absorption spectrum of an infrared radiation at different frequencies and intensities. Jiang et al. 5 proposed the idea of measuring the absorption spectrum of Si under dc bias to extract the energy relaxation time; and (3) we will compare the differences between the carrier absorption behaviors in GaN and GaAs HFETs.
Our approach is based on the following approach. We first develop a general model for carrier dynamics using a generalized Drude model. In this analytic model the carrier dynamics are expressed in terms of the momentum and energy relaxation times and carrier masses. We then fit the absorption calculated from the Monte Carlo calculations and extract the carrier dynamics parameters, which we compare with the values obtained directly from the Monte Carlo simulation. The closeness of these two approaches allows us to validate our analytical model.
FORMALISM
In this paper, we use the ensemble Monte Carlo (EMC) method that we have developed for device simulations 9 to study and compare the free carrier absorption behavior in AlGaN/GaN HFETs and AlGaAs/GaAs HFETs. The scattering mechanisms accounted for in the simulation are (1) two-(2D) and three-dimensional (3D) polar optical phonon absorption and emission, (2) acoustic phonon scattering, (3) equivalent and nonequivalent intervalley scattering, (4) alloy scattering, (5) interface roughness scattering, (6) dislocation scattering, and (7) ionized impurity scattering. The material parameters are taken from Ref. 10 . In the EMC method, an electron will absorb energy from the applying electric field during the free flight time s. Due to the scattering mechanisms mentioned above, the electron will have a different momentum and energy after scattering. The energy absorbed by the electron during the free flight period is mainly released by optical phonon emission. The energy absorbed can be expressed as
and
where q is the electronic charge, E abs is the energy absorbed by the free carrier, x is the radiation frequency, and F ac is the field amplitude, where the infrared radiation source is expressed in the classical picture by
After a sufficient long simulation, energy balance is reached, i.e., the electron energy absorbed by the electric field is equivalent to the energy loss by scattering especially the optical phonon emission process. The absorption loss, L, by the 2DEG can be expressed by
where N e is the number of particles being simulated, n 2DEG is the carrier density of the 2DEG (cm
), and T is the simulation time. E abs is the total energy absorbed by electron and can be obtained from Eq. 1. I is the input power density, which can be expressed by
where c is the velocity of light, n is the refractive index, and 0 is the permittivity of vacuum. Note that here we are interested in studying the total energy absorbed by the 2DEG. Therefore, the units of n 2DEG are cm -2 . And the units of L are percentage instead of cm -1 . The strength of the electric field we used is from 1 kV/cm to 150 kV/cm because we are interested in the high-field mobility of GaN HFETs. The radiation frequency we studied is from 50 GHz to 100 THz, which covers a wide range from millimeter to infrared sources. In the Monte Carlo program, two cases are studied. For the first case, only the strength and frequency of the radiation source are varied. For the second case, a dc bias is applied on the device. A linear polarized radiation source with different frequency is applied to the device as a small perturbation. Therefore, the strength of the radiation source should be much smaller than the dc bias. The polarized wave perpendicular and parallel to the dc bias are both studied.
It would be useful to compare the Monte Carlo results with a simple theoretical prediction to give us some insight into the physics. The free carrier absorption can be expressed by Drude-Zener theory. In the Drude-Zener theory, the relation between the absorption and electron relaxation time can be expressed by
where hs m i is the electron momentum relaxation time and x is the radiation frequency. When
where l is equal to qhs m i/m * . The absorption loss will be the inverse of the electron mobility. On the other hand, when xhs m i ( 1;
where the absorption loss is proportional to the electron mobility. When the device is under dc bias, as suggested in Ref. 5 , the motion of the electrons can be expressed by
where E; p; s E ; and s m are the carrier energy, momentum, energy relaxation time, and momentum relaxation time, respectively. F is the applied electric field, and T L is the lattice temperature. When electrons are under steady-state conditions, we obtain
s m and s E are usually functions of energy and can be assumed to be s m / 1/E a and s E / E b . Now if an infrared radiation source is incident onto the device, we can treat it as a small perturbation. We expand the equation at F ¼ F dc where F dc is the dc bias field and use the relation of s m and s E to E, we get where v 0 , s E0 , s m0 and E 0 are the values without perturbation, and Dv and DE are the corresponding changes due to the light. h is the angle between the dc bias field and the polarization of the radiation source. We can now obtained the power absorbed by a single carrier from the optical field:
When the polarization of the incident infrared source is perpendicular to the dc bias, cos h = 0. Therefore the absorption loss is
When F dc is equal to 0, the above equation will be equivalent to the Drude-Zener theory.
With the polarization parallel to the dc bias and in the velocity saturation region, as suggested in Ref. 5 , the absorption loss can be expressed by
It is easy to see that L i reaches a maximum at
in the velocity saturation region. If the electron is not biased at the velocity saturation region, Eq. 17 would not represent a good approximation since a number of simplifying assumptions have been made in deriving it 5 and these are good approximations only in the saturation region. Therefore, we need to fit Eqs. 13 and 15 instead of Eq. 17 to extract s E and s m . Note that this analytical model might be oversimplified to explain the results from Monte Carlo or experimental results. To explain the experimental results exactly, we still need to use Monte Carlo methods.
RESULTS
The results reported here are for the absorption behavior of 2DEG at the AlGaN/GaN interface. In an experimental measurement it is important to
measure only the absorption of 2DEG at AlGaN/ GaN interface. Figure 1 shows a schematic of an experimental setup to measure the absorption loss.
As suggested in Fig. 1 , to measure the total absorption of 2DEG, we need to measure the absorption loss before and after we grow the AlGaN layer. After excluding the effects from the buffer region, it should be possible to obtain information on the free carrier absorption at the AlGaN/GaN interface. However, the separation of the substrate might be a subtle issue for quantitative comparison with experimental results. Therefore, if we can make a nearly insulated GaN buffer region, where the free carrier absorption is weak in the buffer layer, we may not need to remove the substrate. Figure 2 shows the velocity versus electric field (v-E) curves of AlGaN/GaN HFETs and AlGaAs/ GaAs HFETs calculated by the Monte Carlo method with a dc bias. From Fig. 2 , we see that the v-E curve of nitride HFETs has many different regions compared to other III-V materials such as GaAs. Due to the large LO polar optical phonon energy ($90 meV), there is a hump in the region A and B, as shown in Fig. 2a . This is due to the sudden increase in the polar optical phonon emission scattering rate when the average electron energy exceeds the LO phonon energy under a dc bias. This effect is not seen in GaAs HFETs, as shown in Fig. 2b , since the LO phonon energy of GaAs is smaller ($34 meV) and the polar optical phonon emission scattering rate is smaller. Therefore, the v-E curve of GaAs is more linear before it reaches the peak velocity. This difference causes variations in the carrier absorption behavior between the GaN and GaAs structures as we will see later. Figure 3 shows the absorption loss in the 2DEG at the AlGaN/GaN interface obtained from the EMC simulation. A 2DEG carrier density of 1 · 10 13 cm -2 is used in calculating the absorption loss. We show the results for five different F ac values as absorption loss versus frequency. As can be seen from Eqs. 7 and 8, the absorption is strongly dependent on the mobility, which is strongly related to the strength of the electric field, as shown in Fig. 2 . For larger F ac , the carriers have a lower mobility so that the absorption losses are small at low frequencies and strong at high frequencies. On the other hand, at smaller F ac values, the absorption loss is strong at low frequencies and weak at high frequencies. We used Eq. 6 to fit the absorption spectrum of the AlGaN/GaN HFETs obtained from the EMC simulations. The values of the s m , l, and m * parameters obtained from the fit are listed in Table I , which also lists the l dc values obtained from dc Monte Carlo simulation. As shown in Table I , the fitted momentum relaxation time s m value is large for small F ac and become much smaller at larger F ac values. If we obtain the effective mass m e * from the fitting, we find that the fitted effective masses increase as the ac field amplitude increases from 500 V/cm to 50 kV/cm. This can be explained by the nonparabolic band effect due to which the effective mass is larger at higher carrier energy. However, when F ac reaches 100 kV/cm, the fitted effective mass become smaller. This is because the electron energy is high enough that intervalley scatters between the C valley and the L-M valley starts and the simple Drude-Zener theory is not accurate. The l dc value is the reference mobility when the dc bias is the same as the root-meansquare value of F ac . As shown in Table I , the dc and ac mobilities are quite close and therefore we can obtain a reasonable value of the dc mobility from the absorption data using the Drude model discussed.
As mentioned earlier, it is important to compare the absorption loss of AlGaN/GaN HFETs with AlGaAs/GaAs HFETs since the carrier dynamics in GaAs are quite different from those in GaN. Figure 4 shows the absorption loss of AlGaAs/GaAs HFETs calculated by the EMC model. The AlGaAs/ GaAs HFET is modulation-doped with a sheet charge density of 1 · 10 12 cm -2 . The parameters used for the EMC calculation can be found in Ref. 11. In the low-field region, unlike in GaN HFETs, we find that the absorption does not change too much before the start of intervalley scattering. The velocity peak for GaAs appears near 3 kV/cm, and we find that the absorption loss changes significantly when the ac amplitude is larger than 3 kV/cm. Table II shows the fitted s m , l ac , and m e * values for the AlGaAs/GaAs HFETs. As mentioned earlier, the electron mobility, s m , and m e * do not change too much for E < 3 kV/cm. When electron intervalley scattering starts, the fitted electron effective mass increases due to the higher effective mass in the second valley. The electron relaxation time also decreases significantly and the velocity of electron goes to saturation.
As suggested in Ref. 5 , the free carrier absorption spectrum under a dc bias can yield additional information on carrier dynamics. Figure 5 shows the simulated absorption loss for a low-intensity radiation source versus the frequency under different dc bias values. In Fig. 5a , the polarization of the radiation source is perpendicular to the dc bias and in Fig. 5b the polarization is parallel to the dc bias. The simulations show that, when the device is under a dc bias, by measuring the absorption spectra, it is possible to extract characteristics of the carrier dynamics such as s m and s E without the need for strong radiation sources. The absorption spectra also show significantly different behaviors for the radiation sources parallel and perpendicular to the dc bias. As shown in Fig. 5a , when the polarization is perpendicular to the dc bias, the absorption loss is given by Eq. 16, which is the same as Drude-Zener theory but with l replaced by l(F dc ). When the polarization is parallel to the dc bias, there is a significant difference from the perpendicular case. The absorption loss becomes smaller than in the perpendicular case since electron transport under a dc bias is directly perturbed by the external radiation field. Table III shows the fitting values of Fig. 5 . We find that a and b are not in a reasonable range for dc bias values smaller than 100 kV/cm. This may be due to complicated phonon scattering processes. As we know, the polar optical phonon energy of GaN is around 91 meV, which is much larger than 3/2 k B T at room temperature. Therefore, there is a highly nonlinear scattering behavior since the optical phonon emission will only occur once electrons have enough energy to emit optical phonons. 12 Also inter-subband scattering and the nonequivalent intervalley scattering between C and L-M scattering make it even more complicated. Therefore, the simple analytical models presented in Eqs. 11 to 17 may not be able to handle these behaviors well. Only when electrons reach the saturation velocity region can this model be used. This also suggests that one needs to be careful in using the hydrodynamical model since s E , a, and b may not be consistent for different biases.
We find that, when the dc bias is in the negative differential mobility region (F dc = 150 kV/cm), as shown in Fig. 2a as points D, the absorption loss obtained from the EMC calculation is negative in the low-frequency region. This means that, instead of absorbing the energy from the radiation source, the electron emits more phonons than it absorbs from the infrared source. Of course, energy conservation holds here but the extra energy is provided by the dc bias. One possible reason is that, in the negative differential mobility region, the electron is transferring between the first (C) and the second valley (L-M). The perturbation of the small parallel electric field will assist the electron to release the energy and jump back to the lower valley. This behavior is similar to that seen in an inter-subband laser, where there is carrier inversion and the incident light stimulates electrons to emit light and jump to a lower subband. These effects are not seen in Si since there is no negative differential mobility region. Figure 6 shows the simulated absorption loss of GaAs HFETs; it is important to compare this with GaN HFETs. In Fig. 6a and b, the polarization of radiation source is perpendicular and parallel to the . (a) The polarization of the infrared radiation source is perpendicular to the dc bias, and (b) The polarization of the infrared radiation source is parallel to the dc bias. dc bias, respectively. As shown in Fig. 6a , when the polarization of the infrared source is perpendicular to the dc bias, the behavior is very similar to that seen in GaN HFETs and we can extract s m and l(F dc ) directly from the absorption spectrum. In Fig. 6b , we see that the absorption behavior is quite different from the perpendicular case. We again observe the negative absorption loss when the electric field is 3 kV/cm and 10 kV/cm. As shown in Fig. 2b , the differential mobility is negative at these field values. The absorption becomes positive again when the velocity goes to saturation. The simulation shows that it is important to examine these effects experimentally since it might be a good high-frequency radiation source.
CONCLUSION
In this paper we have carried out a generalization of the Drude free carrier absorption model. We find through Monte Carlo simulation that free carrier absorption under conditions of dc bias and with ac polarization parallel and normal to the dc field can provide very detailed carrier dynamic information. In GaN HFETs, the v-E curve has several regions: linear, shoulder region, peak velocity, and negative differential resistance, all of which are reflected in the free carrier absorption. : (a) with the polarization of the infrared radiation source perpendicular to the dc bias, and (b) with the polarization of the infrared radiation source parallel to the dc bias. 
